Endogenous retroviruses (ERVs) are widespread in vertebrate genomes and have been loosely grouped into "classes" on the basis of their phylogenetic relatedness to the established genera of exogenous retroviruses. Four of these genera-the lentiviruses, alpharetroviruses, betaretroviruses, and deltaretroviruses-form a well-supported clade in retroviral phylogenies, and ERVs that group with these genera have been termed class II ERVs. We used PCR amplification and sequencing of retroviral fragments from more than 130 vertebrate taxa to investigate the evolution of the class II retroviruses in detail. We confirm that class II retroviruses are largely confined to mammalian and avian hosts and provide evidence for a major novel group of avian retroviruses, and we identify additional members of both the alpha-and the betaretrovirus genera. Phylogenetic analyses demonstrated that the avian and mammalian viruses form distinct monophyletic groups, implying that interclass transmission has occurred only rarely during the evolution of the class II retroviruses. In contrast to previous reports, the lentiviruses clustered as sister taxa to several endogenous retroviruses derived from rodents and insectivores. This topology was further supported by the shared loss of both the class II PR-Pol frameshift site and the class II retrovirus G-patch domain.
Retroviruses (family Retroviridae) are characterized by a unique replication strategy. The RNA genome of an extracellular retrovirus is first copied into DNA by virus-encoded reverse transcriptase (RT) and is then integrated into the nuclear DNA of the host cell (35) . Integration is highly stable and, consequently, infection of germ line cells can lead to vertical transmission of retroviruses from parent to offspring as Mendelian alleles (8) . These retroviruses are termed endogenous (to distinguish them from their horizontally transmitted, exogenous counterparts), and they have been identified in almost all vertebrate orders examined (8, 16) . Some endogenous retroviruses (ERVs) represent endogenized copies of extant exogenous retroviruses, but the majority are very old and appear to lack closely related exogenous counterparts (8, 16) . Analysis of these ERVs in the genomes of humans, mice, and other species indicates a longstanding association between retroviruses and vertebrates, probably dating back several hundred million years, during which retroviruses have repeatedly colonized host genomes (12, 19, 20, 23) .
Most ERVs show clear homology to one another and to modern exogenous retroviruses, especially across the RT gene, which is relatively refractory to nonsynonymous substitution. Diverse retrovirus sequences can therefore be aligned in order to investigate phylogenetic relationships, and this has been instrumental in the classification of exogenous retroviruses into seven genera (alpha-, beta-, gamma-, delta-, and epsilonretroviruses; lentivirus; and spumavirus) (12, 26, 34, 37) . Although many ERVs have not been assigned to particular genera, there is a growing tendency to group them into classes according to their similarity to exogenous retroviruses (19, 20, 36) . Using this system of classification, ERVs clustering with gamma-and epsilonretroviruses are termed class I, those that cluster with lentiviruses, alpha-, beta-, and deltaretroviruses are termed class II, and those that cluster with spumaviruses are termed class III (6, 36) . It should be noted that, despite this classification system, most ERVs are only distantly related to known exogenous retroviruses. In particular, the lentiviruses and deltaretroviruses have no closely related endogenous counterparts (16) . The distribution and diversity of class I and class III ERVs have both been investigated previously in some detail (6, 16, 23) , but this is not the case with the class II ERVs. Only a small number of alpha-and betaretrovirus-related (but no lentivirus or deltaretrovirus-related) elements have been characterized (9, 10, 16) . Despite this, sequence analysis has revealed that class II ERVs cluster into a robustly supported clade in retrovirus phylogenies (16) . Furthermore, it appears that, in contrast to class I and class III retroviruses, the class II ERVs have a relatively restricted host range, being confined largely to mammals and birds (16) . The only exceptions to this are two ERVs, termed python endogenous retroviruses, that were recently identified in boid snakes (18) .
Class II ERVs differ from other retroviruses in several features of their genomic organization. All described class II retroviruses produce a Gag-Pol polyprotein via one or two ribosomal frameshifting sites rather than the termination codon suppression mechanism found commonly in other retroviruses (28) . One frameshift site is (with the exception of the lentivi-ruses) located at the protease (PR)-Pol(RT) boundary, whereas the other (encoded by the lentiviruses and the betaand deltaretroviruses) is situated between Gag and PR (28) . Another unusual feature of class II retroviruses is the presence of a short, glycine-rich region related to the G-patch domain found in many RNA binding proteins (2) . Within the MasonPfizer monkey virus, this region is synthesized with and then cleaved from the PR protein, although its precise function remains to be determined (2, 17) .
Here we report the results of widespread sampling within vertebrates for class II ERVs related to the lentiviruses, alpha-, beta-, and deltaretrovirus genera. We show that many features of their genomic organization and host association are remarkably stable, having defined monophyletic origins on phylogenetic trees. We also demonstrate that the exogenous lentiviruses are probably most closely related to several endogenous retroviruses derived from rodents and insectivores.
MATERIALS AND METHODS
Amplification and sequencing. Genomic DNA was extracted from tissue samples by using a DNeasy tissue extraction kit (Qiagen). PCR amplification of retroviral sequences was performed with primers targeting two highly conserved domains within the retrovirus PR and RT genes. One universal PR primer (5Ј-GTG/T TTI G/TTI GAC/T ACI GGI G/TC-3Ј, where I is inosine) was used in conjunction with one of three RT primers designed to amplify retroviruses related to the alpha-, beta-, delta-, and lentivirus genera (5Ј-GTK TTI KTI GAY ACI GGI KC-3Ј, 5Ј-ATI AGI AKR TCR TCC ATR TA-3Ј, and 5Ј-AGI AKR TCR TCC ATR TA-3Ј). Reaction conditions were as described previously (32) . Amplification products (800 to 1,000 bp) for each PCR were excised, purified, and cloned before being sequenced in both directions by using an ABI Prism 3700 DNA analyzer. At least five clones were sequenced for each host taxon investigated. The origin of retroviral fragments was confirmed by PCR with separate aliquots of genomic DNA samples and nested primers specific to each retrovirus fragment.
Sequence analysis and alignment. Novel class II ERV sequences were translated and aligned to previously characterized viruses. Cross-amplified class I and class III viruses were discarded from the data set by constructing neighborjoining phylogenies and by excluding sequences that clustered with gamma-, epsilon-, or spumaretroviruses. An amino acid alignment was constructed by using (i) the known amino acid sequences of previously described retroviruses and (ii) virtual translations of novel retroviruses that lacked premature frameshifts in the amplified region. This amino acid alignment was used as a template to identify the likeliest locations of indels responsible for frameshifts when the remaining sequences were aligned. Manual adjustments were made on this basis if they were supported by the results of alignment algorithms using the raw nucleotides. Regions lacking clear homology between sequences or where homology could not be unambiguously identified were excluded from the alignment. The final DNA alignment contained 121 taxa spanning 792 bp. The equivalent amino acid alignment spanned 264 residues.
Phylogenetic analysis. Phylogenetic analyses were performed by using both Bayesian MCMC (Markov Chain Monte Carlo) inference, as implemented in MRBAYES 3.0B4, and maximum-parsimony (MP) and neighbor-joining (NJ) approaches in PAUP 4 (29, 31) . For MRBAYES analyses, the nucleic acid alignment and a general time-reversible model with codon position-specific rates was used. Four chains were run well past their asymptotes before 10,000 trees were collected, at one tree per 100 generations. These trees were used to calculate a majority rule phylogram. Nucleic acid-based MP reconstruction was performed by using 30,000 random addition replicates of an unweighted datamatrix, with third-codon positions excluded, holding a single tree in memory during each replicate. The resultant minimum trees were then used as the starting point for a heuristic search, during which a total of seven optimal trees were recovered. MP and NJ analyses were also performed by using an amino acid alignment (to further investigate the topology and sister relationships of the lentiviruses, as discussed below). Amino acid-based MP analysis again used 30,000 random addition replicates, holding one tree in memory during each replicate. Amino acid-based NJ analysis used PAUP defaults, and the tree was bootstrapped by using 1,000 replicates.
Nucleotide sequences and accession numbers. The novel retrovirus sequences described here have been submitted to the EMBL/GenBank databases and will appear under accession numbers AY820046 to AY820125.
RESULTS
Screening for class II ERV sequences. PCR screening of 135 vertebrate taxa (49 mammalian taxa; 46 avian taxa; and 40 reptilian, amphibian, or piscine taxa) led to the identification of 84 novel class II ERV fragments ( Table 1 ). The majority (55) of the class II ERVs were derived from avian taxa and were amplified from representatives of every avian order investigated ( Table 2 ). The remaining 29 retrovirus fragments were all mammalian in origin ( Table 2 ). Three additional mammalian sequences (RV-Brown rat I and II and RV-House mouse) were identified via BLAST searches of sequence databanks (1). Class II ERVs were isolated from all mammalian orders investigated, with the exception of Pinnipedia (seals), and Scandentia (tree shrews), for which only one or two genomic DNA samples were screened. We were unable to identify any class II ERVs within reptilian, amphibian, or piscine taxa, although two viruses, derived from boid snakes, have been described (18) . A list of species from which we were unable to recover class II ERV sequences is shown in Table S1 in the supplemental material.
Alignment and phylogeny of the class II retroviruses. A 792-bp alignment was constructed that included regions of both PR and RT. The region linking these two proteins (between 9 and 150 bp in length, depending on the virus) was highly divergent and therefore excluded. This alignment was subjected to phylogenetic analyses using Bayesian likelihood and MP approaches, as shown in Fig. 1 . Although we obtained relatively high posterior probability values using Bayesian likelihood, the backbone of the phylogeny was generally not well supported by bootstrap analysis in MP, with the result that the deeper relationships were only poorly resolved by using this approach. Such lack of support for the more distant relationships often occurs when retroviral phylogenies are based on RT and Pro regions (16, 33) but, despite this, both methods produced similar tree topologies and supported the monophyly of each of the four exogenous retrovirus-containing genera and the intracisternal A-type particle (IAP) elements. Our analyses showed a clear and striking division between viruses harbored by avian hosts and those detected in mammalian taxa. Within Bayesian phylogenies, members of each host vertebrate class were positioned as a single monophyletic clade, whereas MP trees placed the mammalian viruses as monophyletic sister taxa to one of three paraphyletic avian groups (unpublished data). Both methods indicated that the two previously described boid snake viruses should be included within a subclade of the mammalian-derived viruses. Avian class II retrovirus sequences have been relatively poorly described to date. The alpharetroviruses are known to be widespread within the Galliformes (including chickens, pheasants, grouse, and ptarmigan), but there are no ERV sequence data from avian species outside of this order (9, 10, 30) . Many of the galliform-derived alpharetroviruses have only been partially characterized (via gag gene sequences) (9, 10), and we were therefore unable to include them in our RT-based phylogenies. Our results show that the alpharetroviruses share a clade with a large and diverse array of endogenous retrovirus sequences present within at least 15 avian orders. The viruses we identified as being most closely related to the alpharetrovirus genus, such as RV-Guineafowl II and RV-Tragopan, are also present within galliform hosts, a finding which is consistent with their proposed ancient association with this avian order (9, 10) . In silico screening with class II retroviral probes also revealed at least three other ERV lineages within available The phylogeny is rooted on several deltaretroviruses (bovine leukemia virus, human T-cell leukemia virus type 1, and human T-cell leukemia virus type 2). Internal branches are thickened if the same topology was recovered in a strict consensus of seven equal-length MP trees. Taxon colors represent the host class of origin with avian hosts in blue, mammalian hosts in green, and reptilian hosts in black (in boldface type if the viruses are described here for the first time). chicken genome sequences. These lineages clustered with nongalliform avian hosts, including RV-Magpie II and RV-Ostrich (unpublished data).
Betaretroviruses are known to cluster into two subgroups, with one subgroup comprised of viruses present within many primate species, as well as ungulates (such as the Jaagsiekte virus within sheep), rodents (MusD), and marsupials (TvERV within the Brushtail possum) (4, 15, 22, 38) . The second subgroup contains the sole representative mouse mammary tumor virus (MMTV) (27) . Our results demonstrate that, although betaretroviruses are likely to be restricted to mammals, they are probably widespread throughout this vertebrate class. We found novel examples in several additional mammalian orders, including carnivores and a marine mammal. Furthermore, we identified murine mammary tumor virus-like viruses in several African and North American ungulates.
The sister clade to the betaretroviruses comprises the IAPrelated elements, which have been described in a number of rodent species (21) , and appear to be abundant within the mouse genome (20) . Several novel sequences clustering strongly with the IAP elements were identified during our screening, all derived from rodents or lagomorphs, perhaps suggesting that the IAP elements have a more restricted host range than other class II retroviral groups. Consistent with this, two recent studies have shown that class II viruses related to betaretroviruses and IAP elements are extremely widespread in murid rodents (3, 25) . In particular, it appears that there are multiple groups of endogenous class II-related retroviruses, some of which cluster separately with each of SMRV-H (Squirrel monkey retrovirus), Mason-Pfizer monkey virus, Jaagsiekte, and TvERV (3, 25) .
Relationship of the lentiviruses to class II ERVs. An unusual and unexpected feature of the phylogeny shown in Fig. 1 was the placement of the exogenous lentiviruses as sister taxa to several endogenous mammalian viruses from rodents (RVGrass rat II and MuERVU1) and insectivores (RV-European hedgehog). Nucleic acid-based MP phylogenies also supported this relationship. This is in contrast to previous reports, which have generally placed the lentiviruses toward the base of the class II virus phylogeny, as paraphyletic sister taxa to the exogenous deltaretroviruses (5, 11, 16, 18, 33, 37) . Characteristically skewed nucleotide compositions have been described in several retrovirus genera (7) . Lentiviruses in particular are notable in being adenine-rich and cytosine-poor across the entire genome. Analysis of the nucleotide composition of RVEuropean hedgehog, RV-Grass rat II, and MuERVU1 viruses indicated that they did not share this bias (unpublished data). Nevertheless, to exclude the possibility that the observed relationship between these viruses and the lentiviruses was a function of nucleotide composition, we constructed MP and NJ trees by using a protein alignment (which spanned the same residues used in the DNA-based alignment [see Fig. S1 in the supplemental material]). The relationship was retained, with weak bootstrap support, in the case of the NJ analysis (unpublished data). However, the MP analysis placed RV-European hedgehog, RV-Grass rat II, and MuERVU1 as paraphyletic sister taxa to the lentiviruses (unpublished data).
To further investigate the relationship between the lentiviruses and the endogenous rodent-and insectivore-derived viruses, we studied the PR-RT region in more detail. Almost all known class II retroviruses encode PR and Pol (RT, RNase H, and IN) in different reading frames and use ribosomal frameshifting to produce a PR-Pol polyprotein (28) . However, this is not the case with the lentiviruses, which encode PR and Pol in the same reading frame (28) . We therefore examined our sequences for the presence of ribosomal frameshifting sites. The majority of the mammal-derived viruses and all viruses from avian hosts contained a characteristic thymine-rich region immediately upstream of a Ϫ1 frameshift at the boundary of the PR and Pol(RT) proteins (see Fig. 2 ). However, these features were absent from the RV-European hedgehog, RV-Grass rat II, and MuERVU1 sequences, supporting the hypothesis that these viruses may represent endogenous sister taxa to the lentiviruses.
We then examined the class II sequences for evidence of the G-patch domain which is present (immediately upstream of the PR-RT frameshift site) within certain betaretroviruses and IAP-related elements but is absent from the lentiviruses and avian alpharetroviruses (2, 17) . The G-patch domain is a short (typically in the order of 40 amino acids in length) glycine-rich region that is cleaved from PR to generate an RNA-binding protein (p5) that may have a role in splicing or transport of subgenomic retroviral mRNAs (2) . We found that the G-patch probably originated relatively early during the evolution of the mammalian class II retroviruses (it was absent from all avian retroviruses) and that it has been lost, or partially deleted, on several occasions since this time (Fig. 2) . Furthermore, and consistent with the results from the Ϫ1 frameshift site data, both the lentiviruses and the RV-European hedgehog, RVGrass rat II, and MuERVU1 viruses appear to share a single loss event for this motif.
DISCUSSION
The analyses presented here are consistent with previous reports that suggest a relatively restricted host range for the class II retroviruses compared to both the class I and the class III viruses (16, 23) . Despite extensive screening of reptilian, amphibian, and piscine genomes, we were unable to identify any class II retroviruses from these vertebrate classes. However, the presence of such viruses in certain python species (but not other, related boid snakes) demonstrates their presence in at least some reptilian taxa (18) . Together, these findings suggest that class II retroviruses probably have only a very limited distribution within lower vertebrates.
The results of our screening also suggest that class II retroviruses are probably present within most mammalian and avian orders (we were able to recover sequences from 24 of the 27 orders investigated). Orders failing to yield class II sequences (Charadriiformes [shorebirds], Ciconiiformes [storks], and Scandentia [tree shrews]) were likely due to the low number of samples screened and the risk of obtaining false-negative results when a PCR-based approach is used. Furthermore, we note that results for individual taxa may not reflect the actual diversity of class II lineages contained in their genomes because only five clones were sequenced from each taxon and factors such as the primer sequence and ERV copy number may influence the results of PCR-based approach to screening. Despite this, it remains possible that class II ERVs may have a patchy distribution across vertebrate orders and families, es-pecially within mammals. We were only able to recover class II sequences from 25 of the 49 mammalian taxa investigated, whereas viral fragments were recovered from 38 of the 46 avian taxa. This finding is consistent with previous liquid hybridization studies of the betaretroviruses and IAP elements (15, 21) .
A high proportion of the novel avian ERV fragments encoded open reading frames that were intact, or nearly intact, across the aligned region (excluding the PR/RT frameshift site). Of the 55 sequences identified, 35 encoded one or less in-frame stop-codon or frameshifting mutation (Table 2) , suggesting that many of these viruses have been active in the recent past. Thus, exogenous counterparts to these sequences may currently be circulating in avian populations, and we think it likely that exogenous viruses belonging to many of the avian subgroups present within the phylogeny will eventually be isolated. It is possible that retroviruses described previously, but for which pol sequence data are currently unavailable, are in fact members of these groups (9, 10, 13, 14) .
In contrast, among the mammalian-derived viruses, novel ERV sequences clustering outside of the betaretrovirus or IAP groups (shown in Fig. 1 ) were relatively degenerate, displaying multiple in-frame stop codons or frameshifting mutations (unpublished data). Indeed, with the exception of HERV.K (HML2), not a single sequence outside of these two groups was intact across the amplified region. This suggests that many of these mammalian viruses are likely to represent older viral lineages and may therefore be less likely to have extant exogenous counterparts. The relatively intact nature of the betaretroviruses and IAP elements suggests that they may represent some of the more recently active groups of endogenous class II mammalian viruses, as has been suggested previously (3) .
One of the most striking results of our phylogenetic analyses was the clustering of viruses derived from mammals and birds into distinct monophyletic groups. These groupings were not strongly supported (and MP analysis placed the mammalian viruses as a paraphyletic sister clade to several groups of avian viruses), but it is unlikely that such a pattern would be obtained by chance. Previous studies have shown intermingling of avian and mammalian class II ERVs in phylogenies (33) . However, these studies were based on shorter sequence alignments of a smaller and less diverse range of class II taxa and are therefore likely to be less accurate than the phylogeny presented here. Monophyly of the mammalian and avian derived sequences strongly implies that vertebrate interclass transmission events have been rare in the evolution of the class II retroviruses (although we note that only a very small proportion of endogenous viruses have been examined to date). The most likely exceptions to this are the boid python ERVs, which are sister taxa to two novel viruses derived from Felids. This relationship was supported in both maximum-likelihood (ML) and MP analyses, making it possible that an interclass transmission event from mammals to reptiles has occurred during the evolution of these viruses. The rarity of interclass transmission apparent from our analyses reflects that observed previously with the gammaretroviruses. The gammaretroviruses comprise a genus of exogenous and endogenous viruses that are widespread in tetrapod vertebrates (23, 34) but only very rarely undergo interclass transmission (23, 24) . Taken together, these results imply that interclass transmission within the family Retroviridae occurs much less frequently than intraclass transmission.
An intriguing result from our phylogenetic analyses was the positioning of the lentiviruses. Previous reports have suggested they form one of the most basal clades within the class II viruses, as paraphyletic sister taxa to the deltaretroviruses (5, 11, 16, 18, 33, 37) . Our analyses (which were based on a larger number of class II sequences than available previously) placed the lentiviruses in a more derived position within the mammalian viruses, as sister taxa to three viral sequences from rodents and insectivores, including the murine element MuERVU1 (previously identified by Bénit et al. [5] ). This topology was also observed in MP phylogenies but lacked robust bootstrap support. Further support for this relationship was apparent from analyses investigating the acquisition and loss of viral characters present within the amplified PR-RT region.
The first of these characters, the frameshift event known to occur at the PR-RT boundary in several class II genera, was remarkably stable, being found in the vast majority of class II sequences. Indeed, it appears that ribosomal frameshifting has only been lost on three occasions across the phylogeny. Two of these loss events involve only a single virus (RV Small mongoose I and RV Echidna II), whereas the third is shared by both lentiviruses and RV-Grass rat II, MuERVU1, and RVEuropean hedgehog. The presence or absence of the G-patch domain (2) also appears to be a relatively stable characteristic. Our phylogenies suggest that the G-patch was acquired early during the evolution of the mammalian class II viruses (it is absent from the avian-derived sequences). Loss (or degeneracy) of the G-patch appears to have occurred more often than loss of ribosomal frameshifting, but a single loss event is, again, shared between the lentiviruses and their three sister taxa.
The lentiviruses are known to encode several accessory genes that are not present within other retroviruses (28) . Investigation of MuERVU1, for which the full-length sequence is available, failed to reveal any obvious similarity to these lentivirus-specific genes (unpublished data). However, this might be expected since many of the accessory genes are absent from the more basal lentiviruses (such as EIAV (28) and those that are conserved in all members of the genus (such as tat and rev) are both relatively short and highly divergent. Although our phylogenetic, G-patch and frameshift site analyses all support the conclusion that lentiviruses have distantly related endogenous counterparts, more definitive proof will have to await the detailed comparative analysis of several full-length viral genomes.
